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Abstract 

We performed this study to determine wlietlier electrocardiographic corrected QT (QTc) interval predicts alterations in 
sympathovagal balance during orthostatic intolerance (01). We reviewed 1,368 patients presenting with symptoms 
suggestive of 01 who underwent electrocardiography and composite autonomic function tests (AFTs). Patients with a 
positive response to the head-up tilt test were classified into orthostatic hypotension (OH), neurocardiogenic syncope (NCS), 
or postural orthostatic tachycardia syndrome (POTS) groups. A total of 275 patients (159 OH, 54 NCS, and 62 POTS) were 
included in the final analysis. Between-group comparisons of 01 symptom grade, QTc interval, QTc dispersion, and each AFT 
measure were performed. QTc interval and dispersion were correlated with AFT measures. OH Patients had the most severe 
01 symptom grade and NCS patients the mildest. Patients with OH showed the longest QTc interval (448.8±33.6 msec), QTc 
dispersion {59.5±30.3 msec) and the lowest values in heart rate response to deep breathing (HRDB) (10.3±6.0 beats/min) 
and Valsalva ratio (1.3±0.2). Patients with POTS showed the shortest QTc interval (421.7±28.6 msec), the highest HRDB 
values (24.5±9.2 beats/min), Valsalva ratio (1.8±0.3), and proximal and distal leg sweat volumes in the quantitative 
sudomotor axon reflex test. QTc interval correlated negatively with HRDB {r=— 0.443, p<0.001) and Valsalva ratio {r= — 
0.425, p<0.001). We found negative correlations between QTc interval and AFT values representing cardiovagal function in 
patients with 01. Our findings suggest that prolonged QTc interval may be considered to be a biomarker for detecting 
alterations in sympathovagal balance, especially cardiovagal dysfunction in OH. 
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Introduction 

Orthostatic intolerance (OI) is a syndrome characterized by 
lightheadedness, fatigue, blurred vision, and loss of consciousness 
after standing up that is relieved by assuming a sitting or supine 
posture [1,2]. Disorders associated with OI are categorized into 
orthostatic hypotension (OH), neurocardiogenic syncope (NCS), 
and postural orthostatic tachycardia syndrome (POTS). Distinct 
abnormal patterns in the autonomic nervous system are the 
pathogenesis of these three difTerent disorders [3-5]. Both 
parasympathetic and sympathetic dysfunction has been observed 
in OH [6]. In NCS, decreases in the low-frequency power of heart 
rate variability have been observed, suggesting a decline in 
sympathetic activity at the time of syncope [7] . A relative increase 
in sympathetic activity has been suggested as the mechanism 
underlying POTS [8]. Thus, disturbances of sympathovagal 
balance cause OI, which can differentially present as OH, NCS, 
or POTS. 

The QTc interval is an electrocardiographic (ECG) measure of 
the time between ventricular depolarization and repolarization. 
Since the QTc interval can be influenced by changes in 
sympathovagal autonomic modulation [9], it has been used to 
evaluate autonomic sympathovagal balance in patients with 
various disorders, as well as in normal .subjects [10,11]. In 
addition, QTc dispersion, a measure of QTc interval variability, 
reflects the heterogeneity of ventricular repolarization duration 
[1 1]. Increased QTc interval and dispersion, known to provide an 
electrophysiological substrate for fatal arrhythmia, has been 



reported in patients with autonomic nervous system disorders 
such as multiple system atrophy, primary autonomic failure, 
diabetic autonomic neuropathy, and myotonic dystrophy type 1 
[12-16]. To the best of our knowledge, few studies have compared 
sympathovagal balance using the QTc interval in the assessment 
of disorders associated with OI [17]. In addition, most of the 
previous studies using autonomic function tests (AFTs) have 
focused on autonomic dysfunction in a specific disorder without 
comparing different patterns of autonomic dysfunction between 
disorders associated with OI. Based on previous findings indicating 
that distinct patterns of sympathovagal imbalance underlie the 
characteristics of OH, NCS, and POTS [5], we hypothesized that 
combined AFT-ECG analysis might provide additional informa- 
tion accounting for differences in the pathophysiological mecha- 
nisms of OH, NCS, and POTS. 

Thus, in this study we compared QTc interval and dispersion in 
patients with OH, NCS, and POTS to investigate differences in 
sympathovagal balance. QTc interval and dispersion were also 
correlated with AFT measurements to determine whether QTc 
interval is an applicable biomarker differentiating patterns of 
altered sympathovagal balance between OH, NCS, and POTS. 

Materials and Methods 

Subjects 

We reviewed the medical records of 1368 patients with 
symptoms of OI who underwent composite AFTs and ECG at a 
university-affdiated neurology clinic from January 2011 to 
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December 2012. Inclusion criteria were: (1) symptoms indicating 
OI; (2) positive response to head-up tilt test (HUT); (3) no history 
of seizure and cataplexy; (4) no history of developmental 
abnormalities; (5) no proven structural cardiac diseases based on 
ECG or echocardiogram; (6) no history of significant head injury, 
alcohol, psychotropic drug abuse, or psychiatric disorders. 
Asymptomatic stroke and transient ischemic attack including 
vertebro-basilar insufficiency were also considered comorbid 
diseases. Demographic and clinical data including age, gender, 
and comorbid chronic diseases were obtained through medical 
record review. Symptoms of OI in all participants were classified 
(using a scale of I to IV) based on the frequency and severity of 
symptoms [18]; higher grade indicated more frequent and severe 

01 symptoms. 

Ethics Statement 

All participants gave written informed consent before study 
inclusion. All procedures were in accordance with the Declaration 
of Helsinki and approved by the Korea University Medical Center 
Institutional Review Board (IRB NO. ED 13036). 

ECG measurements 

ECG measurements were performed before AFTs. Measure- 
ment of the QTc interval was taken from a standard 12-lead ECG 
recorded at 25 mm/sec at rest. The QT and RR intervals were 
measured manually using calipers by one cardiologist (D.H.C.) 
who was blinded to the diagnosis and other baseline information. 
The QT interval was defined as the time interv al between the 
onset of the QRS complex to the end of the T wave. The end of T 
wave was defined as the offset point to isoelectric line using 
threshold methods [19]. The measured QT interval was then 
corrected for heart rate (HR) according to Bazzet's formula (QTc 
interval = QT interval/vRR interval), yielding the QTc interval 
[11]. The QTc dispersion was defined as the difference between 
the maximum and minimum QTc interval in the ECG leads [20]. 

Autonomic function tests 

All participants taking medications affecting autonomic function 
were asked to discontinue their medicine for at least 24 hours prior 
to their AFTs. To minimize the effects of confounders, perfor- 
mance of the AFTs was controlled and regulated by standard of 
electrodiagnostic laboratory environment [21]. Tests were per- 
formed in the following sequence: 1) quantitative sudomotor axon 
reflex test (QSART), 2) heart rate response to deep breathing 
(HRDB), 3) Valsalva ratio, and 4) HUT. 

The QSART, performed with Q-Sweat (WR Medical Elec- 
tronics, MN, USA), as an index of sympathetic postgangUonic 
sudomotor function [22]. The stimulus consisted of 10% 
iontophoresed acetylcholine with a constant current generator at 

2 mA for 5 minutes. Sweat volumes were recorded in the central 
compartment of a multicompartmental sweat cell from the 
following 4 sites: proximal forearm (25% of the distance from 
the ulnar epicondyle to the pisiform bone), distal forearm (75% of 
the distance from the ulnar epicondyle to the pisiform bone), 
proximal leg (5 cm distal to the fibular head), and distal leg (5 cm 
proximal to the medial malleolus) [22]. The QSART result was 
considered abnormal if sweat \-olumc' was decreased when 
compared to age- and gender-specific reference values [23]. 

The HRDB and Valsalva ratio, which reflect cardiovagal 
function, were measured using a conventional Nicolet Viking IV 
(Nicolet Biomedical, Madison, WI, USA) according to a previously 
described method [22]. During deep breathing (6 breaths/ 
minute), the range of HR response to forced respiratory sinus 
arrhythmia was obtained. HRDB was calculated by subtracting 



the minimum HR during expiration from the maximum HR 
during inspiration for each cycle of 6 breaths. For the Valsalva 
ratio, rested and recumbent subjects blew through a mouthpiece 

attached to a manometer and maintained a pressure of 40 mmHg 
for 15 seconds. The Valsalva ratio was calculated as the maximal 
R-R interval divided by minimal R-R inter\'al. The results were 
also compared with age-specific reference values [22]. 

For the HUT test, blood pressure (BP) was taken using a 
sphygmomanometer cuff over the brachial artery. Systolic and 
diastolic BP were displayed on a monitor console. Simultaneous 
HR recording was also performed. After a 20-minute rest in the 
supine position and measurement of baseline BP and HR, each 
subject was positioned at an angle of 70 degrees on a standard 
electrically driven tilt table with a footboard for up to 30 minutes 
or until symptoms occurred. Serial measurement of BP and HR 
was performed every minute during HUT. Pharmacologic 
provocation was not performed [24]. Based on the response 
pattern to HUT, patients were classified as OH, NCS, or POTS. 
Patients were classified as OH if a reduction of systolic or diastolic 
BP of at least 20 mmHg or of at Ic-ast 10 mmHg, respectively, 
occurred within 3 minutes after standing up following HUT [25]. 
Patients were classified as NCS if they reported spontaneous 
syncope that was associated with hypotension, bradycardia, or 
both [3,4,26]. Patients who displayed HR increases of more than 
30 beats per minute or a maximum HR of 120 beats per minute 
within the first 1 0 minutes without evidence of OH were classified 
as POTS [27]. As soon as symptoms occurred, patients were 
returned quickly to the supine position. 

Statistical analysis 

DifiFerences of demographics, symptom grade of OI, QTc 
interval, QTc dispersion, and measurements of AFTs among the 
groups were analyzed using analysis of variance (ANOVA) with 
Bonferroni post-hoc tests. A chi-square test examining the 
proportion of patients with abnormal results in each AFT was 
also performed. Additionally, an analysis of [:ovariance (AN- 
COVA) with age and gender as covariates was performed to 
control for possible confounding effects on the dependent 
measures. Pearson's correlations were performed to describe the 
relationships between QTc interval, QTc dispersion, clinical 
variables, and AFTs. Partial correlation analyses were then 
performed between the QTc interval and AFT measurements 
while controlling for the effects of significant clinical variables 
identified in the Pearson's correlation analysis. Alpha was set at 
p<0.05. Statistical analyses were performed using SPSS, version 
19.0 (IBM. Armonk, New York). 

Results 

Clinical characteristics 

A total of 275 patients (159 OH, 54 NCS, and 62 POTS) were 
included in this analysis. Clinical characteristics and OI symptom 
grade are summarized in Table 1. There were no gender 
difierences between groups (p — 0.09); however, OH patients were 
older (^< 0.001) and had a higher proportion of comorbid 
diabetes, hypertension, Parkinson's disease, and stroke (all p< 
0.05) than NCS or POTS patients. POTS patients were younger 
than OH or NCS patients (^<0.001). POTS patients had a lower 
proportion of comorbid diabetes, Parkinson's disease, and stroke 
(all p<0.05) than OH patients. Patients with OH reported the 
most severe OI symptoms, whereas, patients with NCS reported 
tiie mildest (^<0.001). 
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Table 1. Demographic data and clinical measurements in patients with orthostatic intolerance. 







OH (n = 159) 


NCS (n = 54) 


POTS (n = 62) 


P 


Clinical features 


Age (years) 


67.1 ±12.3 (19 to 88) 


50.1 ±22.4 (14 to 87) 


32.0±14.7 (11 to 72) 


<0.001 


Gender, male N (%) 


102 (64.1) 


26 (48.1) 


34 (54.8) 


0.090* 


Comorbid diseases 


Diabetes, N {%) 


47 (29.6) 


9 (16.7) 


4 (6.4) 


0.001* 


Hypertension, N {%) 


88 (55.3) 


19 (35.2) 


6 (10.0) 


<o.oor 


Parkinson's disease, N (%) 


36 (22.6) 


1 (1.8) 


2 (3.2) 


<0.001* 


Multiple system atrophy, N (%) 


12 (7.5) 


0 (0) 


1 (1.6) 


0.033* 


Alzheimer's disease, N (%) 


3 (1.9) 


2 (3.7) 


0(0) 


0.328* 


Cerebrovascular disease, N (%) 


57 (35.8) 


9 (1.7) 


7 (11.3) 


<0.001* 


Symptom grade of 01 


3.7±0.5 


1.7±0.8 


2.9±0.9 


<0.001* 


QTc interval (msec) 


448.8 ±33.6 


429.1 ±24.6 


421.7±28.6 


<0.001 


QTc dispersion (msec) 


65.1 ±32.2 


49.0±23.2 


53.9±20.7 


0.021 


AFTs 


HRDB (beats/min) 


10.3 ±6.0 


15.4±9.1 


24.5±9.2 


<0.001 


HRDB abnormality, N (%) 


47 (29.6) 


8 (14.8) 


4 (6.4) 


<0.001* 


Valsalva ratio 


1.3±0.2 


1.5±0.2 


1.8±0.3 


<0.001 


Valsalva ratio abnormality, N (%) 


51 (32.1) 


6 (11.1) 


4 (6.4) 


<0.001* 


QSART (tiL) 


Proximal forearm 


0.66±0.58 


0.48±0.34 


0.69±0.60 


0.288 


Distal forearm 


1.26±0.72 


1.00±0.56 


1.15±0.82 


0.329 


Proximal leg 


0.70±0.60 


0.64±0.48 


1.21 ±0.97 


0.001 


Distal leg 


0.56±0.59 


0.75 ±0.59 


1.19±0.85 


<0.001 


QSART abnormality, N (%) 


45 (28.3) 


7 (13.0) 


9 (14.5) 


0.155* 



Analysis of variance was performed. *Chi-square analysis was performed. 
The values are presented as mean ± SD. 

POTS, postural orthostatic tachycardia syndrome; 01, orthostatic intolerance; QTc, corrected QT; AFT, autonomic function test; HRDB, heart rate response to deep 
breathing; QSART, quantitative sudomotor axon reflex test. 
doi:1 0.1 371 /journal.pone.Ol 0641 7.t001 



QTc interval and dispersion 

OH patients showed the longest (448.8±33.6 msec), POTS 
patients showed the shortest (421.7±28.6 msec), and NCS patients 
showed an intermediate QTc interval (429.1 ±24.6 msec; p< 
0.001, Figure 1). The Bonferroni post-hoc procedure showed that 
QTc intervals of the OH group difTered significantly from both the 
NCS ip = 0.001) and POTS (/XO.OOl) groups; however, there was 
no difiFerence in QTc interval between NCS and POTS patients 
{p = 0.766). ANCOVA revealed significant difiFerences in QTc 
interval by group remained (p = 0.003) even after controlling for 
the age and gender effects. 

When analyzing the QTc dispersion, OH patients showed the 
longest (65.1 ±32.2 msec), NCS patients showed the shortest 
(49.0±23.2 msec), and POTS patients showed an intermediate 
QTc dispersion (53.9±20.7 msec; ^ = 0.021, Figure 2). The 
Bonferroni post-hoc procedure revealed that QTc dispersion was 
significantly different only between the OH and NCS groups 
(p = 0.037). ANCOVA also revealed significant differences in QTc 
dispersion between OH and NCS groups (f = 0.013) even after 
controlling for age and gender effects. 

Autonomic function tests 

AFT measures and proportions of abnormal results are 
presented in Table 1 . There were significant differences in HRDB 
and Valsalva ratio between groups. Patients with OH had smaller 
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Figure 1. Findings of the corrected QT interval. Patients with 
orthostatic hypotension (OH) had a more prolonged corrected QT (QTc) 
interval (448.8±33.6 msec) than patients w\th neurocardiogenic synco- 
pe (NCS) (429.1 ±24.6 msec, p = 0.001) and postural orthostatic 
tachycardia syndrome (POTS) (421.7±28.6 msec, p<0.001). No differ- 
ence in QTc interval was observed between NCS and POTS patients 
(p = 0.766). 

doi:1 0.1 371/journal.pone.01 0641 7.g001 
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Figure 2. QTc dispersion results. Comparisons of the QTc dispersion showed significant differences between groups (p = 0.021). Post-hoc analysis 
revealed that patients with orthostatic hypotension (OH) had more increased QTc dispersion than patients with neurocardiogenic syncope (NCS) 
(uncorrected p = 0.037, age and gender-corrected p = 0.013). The top and bottom borders of the boxes represent the upper and lower limits of the 
95% CI range, respectively. The horizontal lines in the middle represent the mean value. Asterisk (*) indicates significant results after correction for 
post-hoc comparisons. 
doi:10.1371/journal.pone.0106417.g002 



HRDBs (10.3±6.0 beats/min) than NCS (/; = 0.006) or POTS 
(p<0.00l) patients. In addition, patients with OH had smaller 
Valsalva ratios (1.3±0.2) than NCS (/) = 0.001) or POTS (p< 
0.001) patients. Patients with POTS had larger HRDB values 
(24.5±9.2 beats/min) and Valsalva ratios (1.8±3.0) than OH or 
NCS (all ^<0.001) patients. Patients with NCS exhibited 
intermediate HRDB values (15.4±9.1 beats/min) and Valsalva 
ratios (1.5±0.3; Figure 3). 

The proportion of abnormal results did not vary between 
groups in the QSART (p>0.05). In a subanalysis of the QSART 
based on recording site, patients with POTS had a greater sweat 



volume of the proximal leg (1.21±0.97 |xL) than OH (^ = 0.001) 
or NCS (j> = 0.006) patients. In addition, patients with POTS had 
a greater sweat volume of the distal leg (1.19±0.85 |iL) than OH 
patients (p<0.00l; Figure 4). There were no Q_SART differences 
between OH patients and NCS patients (all j&>0.05). 

Relationship between ECG measurements and 
autonomic function tests 

The QTc interval was positively correlated with age (r = 0.297, 
^<0.001), and negatively correlated with HRDB {r= -0.443, p< 
0.001) and the Valsalva ratio (r = -0.425, ^<0.001) (Figure 5). In 
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Figure 3. Results of lieart rate response to deep breathing and Valsalva ratio. Orthostatic hypotension (OH) patients showed the smallest 
values in both heart rate response to deep breathing (HRDB; 10.3±6.0 beats/min) and Valsalva ratio (1.34±0.20) and postural orthostatic tachycardia 
syndrome (POTS) patients showed the largest values in both HRDB (24.5±9.2 beats/min) and Valsalva ratio (1.78±0.30). Neurocardiogenic syncope 
(NCS) patients showed intermediate levels of HRDB (15.4±9.1 beats/min) and Valsalva ratio (1.54±0.20) compared with OH and POTS patients. 
dol:1 0.1 371/journal.pone.01 0641 7.g003 
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Figure 4. The quantitative sudomotor axon reflex test resuits 
according to body site. Postural orthostatic tachycardia syndrome 
(POTS) patients had greater proximal leg sweat volume (1.21 ±0.97 nL) 
than OH (p = 0.001) and NCS (p = 0.006) patients. In addition, patients 
with POTS had greater distal leg sweat volume (1.19±0.85 nL) than OH 
patients (p<0.001). No difference in proximal and distal leg sweat 
volume between OH and NCS patients was observed. No difference in 
proximal and distal forearm sweat volume was found between groups. 
The top and bottom borders of the boxes represent the upper and 
lower limits of the 95% CI range, respectively. The horizontal lines in the 
middle represent the mean value. 
doi:1 0.1 371/journal.pone.01 0641 7.g004 

the QSART subanalysis, shorter QTc intervals were associated 
with greater sweat volumes recorded at the proximal [r — —0. 164, 
p = 0.042) and distal leg (r = -0.252, p = 0.008). When controUing 
for age in the partial correlation analysis, associations between 
QTc interval and HRDB (r= -0.364, p<0.00l), QTc interval 
and the Valsalva ratio (r = -0.336, /><0.001), and QTc interval 
and sweat volume recorded at the distal leg (r=— 0.172, /) = 0.034) 
remained statistically significant. The QTc dispersion was not 
correlated with AFT measures. 

Discussion 

This study utilized a combined AFT-ECG analysis to difFeren- 
tiate patterns of autonomic dysfunction between OH, NCS, and 
POTS patients. We found that OH patients had greater 
autonomic dysfunction in several domains, including the cardio- 
vagal function. Patients with OH exhibited the most prolonged 
QTc interval and dispersion of the three groups and POTS 
patients had greater leg sweat volume. In addition, the QTc 
interval was negatively correlated with the Valsalva ratio and 
HRDB. 

The fundamental pathophysiological mechanism underlying 
OH may be the impairment of systemic vascular resistance during 
standing, resulting in poohng of blood distaUy, leading to 
hypotension [3]. The tc-rm "idiopathic OH" was first used to 
describe patients wlio had OH, regardless of other conditions [28]; 
however, various autonomic dysfunctions could be combined in 
patients with OH, including bowel, sudomotor, thermoregulatory, 
and sexual [4]. Moreover, somatic symptoms such as parkinson- 
ism, have been reported in patients with OH. Therefore, OH 
patients are currendy classified based on combined symptoms into 
pure autonomic failure, Parkinson's disease with autonomic 



failure, and multiple system atrophy [25]. Our finding of 
autonomic dysfunction in both cardiovagal and sudomotor 
sympathetic domains in OH patients support the previous 
hypothesis that OH may be one symptom of degeneration of the 
autonomic nervous system. Because a relatively small proportion 
of OH patients in our study had comorbid Parkinson's disease 
(22.6%) or multiple system atrophy (7.5%), we speculate this group 
is mainly composed of patients with pure autonomic failure. The 
similarity of clinical characteristics between the OH patients 
included in our study (mean age, 67.1 years; male-to-female ratio, 
1.8:1; Table 1) and patients with autonomic failure included in 
previous studies [4,29] further support this hypothesis. Our finding 
of prolonged QTc interval, increased QTc dispersion, and 
widespread impairment in autonomic function domains in OH 
patients could be interpreted as sympathetic and parasympathetic 
dysfunctions, which are characteristic features of pure autonomic 
failure. 

The pathophysiological mechanism of NCS remains unclear; 
however, the paradoxical compensatory reflex known as 'ventric- 
ular theory' has been widely accepted as the most probable 
mechanism [30-32]. Although distinct pathophysiological interim 
pathway mechanisms have been suggested, various hypotheses 
predict a relative increase in parasympathetic activity [32]. Given 
the reciprocal interaction between sympathetic and parasympa- 
thetic control of cardiac functions [33,34], NCS may be caused by 
altered sympathovagal balance in response to triggers, rather than 
inherent autonomic impairment in each domain. Our finding of a 
relatively lower proportion of abnormality in AFTs supports this 
speculation. In addition, our findings of the shortest QTc 
dispersion (49.0±23.2 msec) within the upper limit of normal 
range (50 msec) in NCS patients further support our hypothesis 
[35]. 

Similar to NCS patients, POTS patients showed a small 
proportion of abnormality in AFTs. These findings are consistent 
with previous findings that autonomic functions were preserved in 
a majority of POTS patients [36]. Various hypotheses, such as 
hypovolemia [37], venous pooling [38], hyperadrenergic states 
[39-41], and restricted adrenergic neuropathies [42] have been 
suggested to be possible mechanisms underlying POTS. In a 
previous study using QSART, patients with neuropathic POTS 
showed loss of sweating in the lower limb [43] . Our study showed 
increased lower limb sweat volume in POTS patients, suggesting 
increased sympathetic activity. Since heterogeneous conditions 
comprise POTS [39,44], differences in population characteristics 
might account for the inconsistent QSART findings across studies. 
Our QSART findings showing a relative increase in sweat volume 
in the lower limb support the concept that increased sympathetic 
activity may be a pathophysiological mechanism of POTS. 

QTc interval is an ECG measure of the duration between 
ventricular depolarization and repolarization, which is the 
ventricular refractory period indic;ating the shifting of sympathetic 
to parasympathetic activit}' [11]- A QTc prolongation of more 
than 440 msec is a predictor of increased risk of msdignant 
ventricular arrhythmias and sudden death [11]. QTc interval may 
be prolonged in patients with an altered balance between 
sympathetic and parasympathetic activities [45]. In particular, 
prolonged QTc interval is associated with delayed ventricular 
repolarization mediated by a decline in parasympathetic activity. 
Therefore, the predictive value of prolonged QTc in sudden death 
can be explained as ventricular electrical instability associated with 
high sympathetic activity combined with a decline in parasympa- 
thetic activity [45] . Our findings of a negative relationship between 
QTc interval and measures of HRDB and Valsalva ratio further 
support this explanation. 



PLOS ONE I www.plosone.org 



5 



September 2014 | Volume 9 | Issue 9 | e106417 



Utility of QTc Interval in Orthostatic Intolerance 



50 n 



40- 



CQ 30 

Q 

X 20- 



10- 



300 



cP 
9> 



o 



o 



o r) /SO o 




350 



400 



450 



500 



550 



QTc Interval (msec) 



(0 2 
(0 

re 
> 



0- 
300 




350 



400 



450 



500 



550 



QTc Interval (msec) 



Figure 5. Correlation of corrected QT interval with heart rate response to deep breathing and Valsalva ratio. The corrected QT (QTc) 
Interval showed negative correlations with HRDB (r= -0.443, p<0.001, left panel) and Valsalva ratio (r = -0.425, p<0.001, right panel). In the partial 
correlation analysis controlling for age, associations between QTc interval and HRDB (r= -0.364, p<0.001), and QTc interval and Valsalva ratio (r= — 
0.336, p<0.001) remained statistically significant. 
dor:l 0.1 371 /journal.pone.01 0641 7.g005 



Additionally, increased QTc dispersion has been used as a 
biomarker for predicting life-threatening arrhythmogenic condi- 
tions, which has similar clinical implications to prolonged QTc 
interval [20]. However, important considerations with respect to 
the differences between QTc interval and QTc dispersion exist. 
For example, when .sympathetic denervation involves the entire 
myocardium, ventricular repolarization duration would be homo- 
genously prolonged and result in prolonged QTc interval without 
increased QTc dispersion [12]. The QTc dispersion reflects spatial 
heterogeneity of QTc interval among the 12 EGG leads depending 
on differences in repolarization duration of myocardium [46]. 
Therefore, QTc dispersion inherently tends to be determined by 
the distribution heterogeneity of a damaged autonomic nervous 
system within the myocardium, rather than overall sympathovagal 
modulation. Indeed, increased QTc dispersion has been reported 
mosdy in conditions involving structural changes of the myocar- 
dium, such as ventricular hypertrophy, regional (vascular territo- 
rial) myocardial damage after myocardial infarction, and conges- 
tive heart failure [47]. Conversely, QTc interval could be 
influenced more by overall cardiac autonomic modulation than 
QTc dispersion [12]. Our findings indicating that AFT measures 
correlated only with QTc interval and not with QTc dispersion 
further support this concept. 

QTc interval can be a robust measure for screening OH 
patients with autonomic failure, especially those presenting with 
cardiovagal dysfunction in terms of arrhythmog(;nic condition 
[20], and is cost-effective and a simple measurement method that 
does not require patient compliance [12,48]. 

There are several possible limitations to consider. Firstly, OI is 
composed of highly heterogeneous etiological conditions. There- 
fore, these comorbid conditions may comprise a set of unknown 
confounding factors affecting AFTs and QTc intervals, despite 
statistically controlling for known confounding effects. Our 
findings should be interpreted as reffecting autonomic dysfunction 
and altered sympathovagal balance in each category of OI, 
regardless of etiological conditions. Secondly, a significant 
difference in age existed between groups. Therefore, despite 
controlling for age, we could not entirely eliminate the effect of age 



on AFTs or QTc interval. Further prospective investigation of 
similarly aged populations in all 3 groups is needed. Thirdly, we 
did not include control subjects in the current study. Therefore, 
whether our findings of negative correlation between cardiovagal 
domain in AFTs and QTc interval could be interpreted as general 
findings or only an Ol-specific feature remains unclear. Further 
study investigating a relationship between AFTs and QTc 
interval/ dispersion in normal healthy subjects would provide 
useful information for understanding the value of QTc interval/ 
dispersion in the autonomic nervous system. However, the aim of 
this study was to analyze reliability of QTc interval to investigate 
differ(-nccs in patterns of altered sympathovagal balance among 
the 3 disease groups (OH, NCS and POTS) rather than 
comparing the QTc interval between patients with OI and 
normal healthy subjects. Given the aim of study, our study design 
was reasonable to suggest that QTc interval could be a surrogate 
biomarker differentiating patterns of altered sympathovagal 
balance in patients with OI, even though control group was not 
included to analysis. Therefore, we think that the lack of control 
group is not a critical limitation in this study. Lastiy, our EGG and 
AFT data were obtained during the resting state. Acquisition of 
EGG and AFT data during symptomatic periods may provide 
valuable information regarding any differences in sympathovagal 
balance between OI groups. Despite these limitations, identifica- 
tion of distinct differences between AFTs and QTc interval by 
group in each category of OI can be considered relevant in this 
study. Moreover, our study showed that QTc interval was 
negatively correlated with HRDB and Valsalva ratio, suggesting 
the utility of QTc interval as a screening tool for patients with 
cardiovagal dysfunction. 

In conclusion, using combined composite AFTs and the QTc 
interval, we found distinct patterns of AFT measures in each 
category of OI. Due to the negative correlations between QTc 
interval and AFT values representing cardiovagal function, we 
suggest that prolonged QTc interval can be considered a 
biomarker for screening alterations in sympathovagal balance, 
especially cardiovagal dysfunction in OH. 



PLOS ONE I www.plosone.org 



6 



September 2014 | Volume 9 | Issue 9 | e106417 



Utility of QTc Interval in Orthostatic Intolerance 



Acknowledgments 

The authors thanlj Dr. Sun-ju Byeon for his statistical analysis. 



References 

1. Low PA, Opfcr-Cichrking TL, Tcxtor SC, Bcnarroch EE, Shcn VVK, ct al. 
(1995) Postural tachycardia syndrome (POTS). Neurology 45: S19-25. 

2. Low^ PA, Tomalia VA, Park KJ (2013) Autonomic function tests: some clinical 
applications. J Clin Neurol 9: 1-8. 

3. Moya A, Sutton R, Ammirati F, Blanc J-J, Brignole M, et al. (2009) Guidelines 
for the diagnosis and management of syncope (version 2009). Eur Heart J 30: 
2631-2671. 

4. Grubb BP (2005) Ncurocardiogcnic syncope and related disorders of orthostatic 
intolerance. Circulation 111: 2997-3006. 

5. Furlan R, MagatcUi R, Palazzolo L, Rimoldi A, Colombo 8, ct al. (2001) 
Orthostatic intolerance: different abnormalities in the neural sympathetic 
response to a gravitational stimulus. Auton Neurosci 90: 83-88. 

6. Axelrod FB, Putman D, Berlin D, Rutkowski M (1997) Electrocardiographic 
measures and heart rate variability in patients with familial dysautonomia. 
Cardiology 88: 133-140. 

7. Moak JP, Bailey JJ, Makhlouf FT (2002) Simultaneous heart rate and blood 
pressure variability analysis. Insight into mechanisms underlying neurally 
mediated cardiac syncope in children. J Am CJoU Cardiol 40: 1466-1474. 

8. Goldstein DS, Eldadah B, Hohnes C, Pechnik S, Moak J, et al. (2005) 
Neurocirculatory abnormalities in chronic orthostatic intolerance. Circulation 
111: 839-845. 

9. Murakawa Y, Inoue H, Nozaki A, Sugimoto T (1992) Role of sympathovagal 
interaction in diurnal variation of QT interval. Am J Cardiol 69: 339—343. 

10. Arai K, Nakagawa Y, Iwata T, Horiguchi H, Murata K (2013) Relationships 
between CJl' inter\'al and heart rate variability at rest and the covariate.s in 
healthv young adults. Auton Neurosci 173: 53—57. 

11. Bednar MM, Harrigan EP, Anzlano RJ, Camm AJ, Ruskm JN (2001) The QT 
interval. Prog Cardiovase Dis 43: i-45. 

12. Choy AM, Lang CC, Roden DM, Robertson D, Wood AJ, et al. (1998) 
Abnormalities of the QT interval in primary disorders of autonomic failure. Am 
Heart J 136: 664-671. 

13. Glickstein JS. Sehwartzman D, Friedman D, Rutkowski M, Axetod FB (1993) 
Abnormalities of the corrected Q^L interval in familial dysautonomia: an 
indicator of autonomic dysfunction. J Pediatr 122: 925—928. 

14. Lo SS, Mathias CJ, Sutton MS (1996) QT interval and dispersion in primary 
autonomic failure. Heart 75: 498-501. 

15. Deguchi K, Sa.saki 1. Tsukagurhi M, Kamoda M, Touge T, et al. (2002) 
Abnormalities ol ratc-corrccted Q_l' intervals in Parkinson's disease-a compar- 
ison with multiple system atrophy and progressive supranuclear palsy. J Neurol 
Sci 199: 31-37. 

16. Park KM, Shin KJ, Kim SE, Park J, Ha SY, et al. (2013) Prolonged Corrected 
Ql' Interval in Patients with Myotonic Dystrophy Type 1 .J Clin Neurol 9: 186- 
191. 

17. Karatas Z, Alp H, Sap F, Altm H, Bay.sal T, et al. (2012) U.sability of QTc 
dispersion for the prediction of orthostatic intolerance syndromes. Eur J Pae- 
diatr Neurol 16: 469^74. 

18. Low PA, Singer W (2008) Management of neurogenic orthostatic hypotension: 
an update. Lancet Neurol 7: 451-^58. 

19. Malik M, Batchvarov VN (2000) Measurement, interpretation and clinical 
potential of QT dispersion. J Am Coll Cardiol 36: 1749-1766. 

20. Day CP, McComb JM, Campbell RW (1990) Q.T dispersion: an mdication of 
arrhythmia risk in patients with long Q_T intervals. Br Heart J 63: 342—344. 

21. Koo YS. tiho C.^S. Kim BJ (2012) Pitfalls in using electrophysiological studies to 
diagnose neuromuscular disorders. J Clin Neurol 8: 1—14. 

22. Low PA (1993) Autonomic nervous system function. J Clin Neurophysiol 10: 
14-27. 

23. Low PA, Denq JC, Opfer-Gehrking TL, Dyck PJ, O'Brien PC, et al. (1997) 
Effect of age and gender on sudomotor and cardiovagal function and blood 
pressure response to tilt in normal subjects. Muscle Nerve 20: 1561-1568. 

24. Kapoor WN, Smith MA, Miller NL (1994) Upright tilt testing in evaluating 
syncope: a comprehensive literature review. Am J Med 97: 78-88. 

25. The Consensu.s Committee of the American Autonomic Society and the 
American Academy of Neurology (1996) Consensus statement on the dcfmition 



Author Contributions 

Conceived and designed the cxpcrimenLs: JBK KJP BJK. Performed the 
experiments: JBK SWH. Analyzed the data: DHC JBK. Contributed 
reagents/materials/analysis tools: DHC Wrote the paper: JBK JWP BJK. 



of orthostatic h\'potcnsion, pure autonomic failure, and multiple system atrophy. 
Neurology 46: 1470. 

26. Brignole M, Menozzi C, Gianfranchi L, Oddone D, Lolli G, et al. (1991) 
Carotid sinus massage, eyeball compression, and head-up tilt test in patients with 
syncope of uncertain origin and in healthy control subjects. Am Heart J 122: 
1644-1651. 

27. Grubb BP, Kosinski DJ, Boehm K, Kip K (1997) The postural orthostatic 
tachycardia syndrome: a neurocardiogenic variant identified during head-up tilt 
table testing. Pacing Clin Electi-ophysiol 20: 2205-2212. 

28. Bradbury S, Eggleston C (1925) Postural hypotension: a report of three cases. 

Am Heart J 1: 7,S-86. 

29. Low PA, Opfrr-Gehrkmg TL, McPhre BR, fealey RD, Bcnarroch EL, ct al. 
(199,^)) Prospccti\'c evaluation of clinical characteristics of orthostatic hypoten- 
sion. Mayo Clin Proc 70: 617-622. 

30. Kaufmann H (1995) Neurally mediated syncope: pathogenesis, diagnosis, and 
treatment. Neurology 45: S12-18. 

31. Abboud FM (1993) Neurocardiogenic syncope. N LnglJ Med 328: 1117-1120. 

32. Mosqueda-Garcia R, Furlan R, Tank J, Femandez-Violante R (2000) The 
elusive pathophysiology of neurally mediated syncope. Circulation 102: 2898— 
2906. 

33. Kollai i\l, Koizumi K (1979) Reciprocal and non-reciprocal action of the vagal 
and sympathetic nerves innervating the heart. J Auton Ner\' Syst 1: 33—52. 

34. Malliani A, Pagani M, Lombard! F, Cerutti S (1991) Cardiovascular neural 
regulation explored in the frequcnev domain. Circulation 84: 482-492. 

35. Macfarlane PW, McLaughlin 8C, Rodger J(] (1998) Inlluencc of lead selection 
and population on automated measurement of Q_T dispersion. Circulation 98: 
2160-2167. 

36. Madiias CJ, Low DA, lodice V, Owens AP, Kirbis M, et al. (2012) Postural 
tachycardia syndrome — current experience and concepts. Nat Rev Neurol 8: 
22-34. 

37. Raj SR, Robertson D (2007) Blood volume perturbations in the postural 
tachycardia syndrome. Am J Med Sci 334: 57-60. 

38. Stewart JM (2002) Pooling in chronic orthostatic intolerance: arterial 
vasoconstrictive but not venous compliance defects. Circulation 105: 2274— 
2281. 

39. Low PA, Sandroni P, Joyner M, Shcn WK (2009) Postural tachycardia 
syndrome (POTS). J Cardiovase Elcctrophysiol 20: 352-358. 

40. Shannon JR, Hattem l\L, Jordan J, Jacob G, Black BK, et al. (2000) Orthostatic 
intolerance and tachycardia associated with norepinephrine-transporter defi- 
ciency. N Engl J Med 342: 541-549. 

41. Shibao C, Arzubiaga G, Roberts LJ 2nd, Raj S, Black B, et al. (2005) 
Hyperadrenergic postural tachycardia syndrome in mast cell activation 
disorders. Hypertension 45: 385-390. 

42. Jacob G, Costa F, Shannon JR, Robertson RM, Wathen M, et al. (2000) The 
neuropathic postural tachvcardia .syndrome. N Engl J Med 343: 1008—1014. 

43. Peltier AC, (Jarland L, Raj SR, Sato K, Black B, et al. (2010) Distal sudomotor 
findings in postural tachycardia syndrome. Clin .\iitoii Res 20: 93—99. 

44. Garland EM, Raj SR, Black BK, Harris PA, Robertson D (2007) The 
hemodynamic and neurohumoral phenotype of postural tachycardia syndrome. 
Neurology 69: 790-798. 

45. Dekker JM, Schouten EG, Klootwijk P, Pool J, Kromhout D (1994) Association 
between QT interval and coronary heart disease in middle-aged and elderly 
men. The Zutphen Study. Circulation 90: 779-785. 

46. Piccirillo G, Viola E, Nocco M, Santagada E, Durante M, et al. (1999) 
Autonomic modulation and QT interval dispersion in hypertensive subjects with 
anxiety. Hypertension 34: 242-246. 

47. Bayes de Luna A, Vinolas X (1996) QT dispersion and heart rate variability. Eur 
Heart J 17: 16,')- 166. 

48. Veglio M, Maulc S, Matteoda C, Quadri R, Valentini M, et al. (1996) Use of 
corrected QT intcr\'al in autonomic function testing: assessment of reproduc- 
ibility. Clin Auton Res 6: 309-312. 



PLOS ONE I www.plosone.org 



7 



September 2014 | Volume 9 | Issue 9 | e106417 



